Abstract Physical and mechanical properties of sycamore maple (Acer pseudoplatanus L.) were extensively investigated as basis for three-dimensional material modelling for structural simulations (e.g., with finite element method) based on this species. The physical properties of swelling, water absorption, water vapour resistance and thermal conductivity were tested and the mechanical properties of tensile, bending and compression strength and of Young's modulus (static and dynamic) as well as of Poisson's ratio, shear strength, shear modulus and fracture toughness were determined. The tests were carried out for most of the features depending on moisture content and also in all three anatomical main directions: longitudinal, radial and tangential.
Introduction
Sycamore or great maple (Acer pseudoplatanus L.) is one of the most common hardwoods in Central Europe. Already, its population in Switzerland adds up to 11.8 Mio m 3 according to the Swiss National Forest Inventory (Brändli 2010) and appears on the third position after beech (73.3 Mio m 3 ) and ash (14.8 Mio m 3 ). Due to the successive alteration of the forests culminating in a higher fraction of hardwood, a stronger forestry use of these wood species is required (Krackler et al. 2010) .
Therefore, hardwood is among conventional applications like parquetry and interior joinery, furniture-and musical instrument-making more and more applied for wood constructions (glulam). Thereby, well-founded knowledge of the material properties of these species is even more necessary, and the calculation and simulation of material behaviour are increasingly carried out with the finite element method (for example, for calculation of boards). Therefore, among the strength properties, the complete elastic parameter set according to the generalised Hooke's law (3 moduli of elasticity (MOE), 3 shear moduli (G) and 6 Poisson's ratios within the three main directions longitudinal (L), radial (R) and tangential (T)) are required. In addition, the influence of moisture on the elastic and strength parameters has to be evaluated, and heat and moisture transport parameters (sorption, diffusion, thermal conductivity) as well as shrinkage and swelling are required. Analogously, the influences of grain angle (LR, LT) and ring angle (RT) on the parameters mentioned above have to be known. Ideally, also the parameters of the plastic deformation have to be known since this topic is increasingly studied (e.g., Schmidt 2009; Hering 2011) . According to Eq. (1), the total strain consists of mechanical stresses and climatically induced stresses and is composed additively:
where e tot is the total strain, e el the elastic strain, e m the moisture induced strain, e ms the mechanical-sorptive strain, e ve the viscoelastic strain and e pl the plastic strain. Altogether, very complex measurements are required to allocate all essential data for a numerical simulation. Supplementary, bonding, surface coating and overlay material as well as defects within the material like cracks and burrowing passages of wood insects influence the material behaviour.
Selected property parameters of hardwood have been published amongst others by Kollmann (1951) , Bodig and Jayne (1993) , Szalai (1994) , Pozgaj et al. (1997 ), Sell (1997 ), Wagenführ (2007 , Kurjatko (2010) and Ross (2011) . But complete data sets for the three main wood directions rarely exist, which are sufficient for static calculations and modulations in wood construction and also for calculations on multi-layered boards, parquet or musical instruments with the finite element method. Mostly, investigations on tension, compression and bending are carried out only parallel to the grain, and the parameters for the other main directions (R, T) which are required for finite element calculations, as well as the influences of grain and ring angle are lacking. Equally, the influence of the load type (tension, compression, bending) and of MC on the elastic constants and the Poisson's ratio are scarcely investigated. Also for the rheological characteristics (creep, relaxation, mechanical-sorptive effects), the parameters are lacking for most parts. Certainly, Hering (2011) and Ozyhar et al. (2012) recently enforced detailed investigations on beech wood. For softwood, most investigations were carried out on Norway spruce as the most commonly used wood for construction (e.g., Neuhaus 1981) . For sycamore maple, Wedel (1964) determined in detail swelling, tension, compression, bending, impact bending and shear properties in fibre direction (Table 1) . Popper and Niemz (2009) tested and simulated the sorption of sycamore maple on the basis of the Hailwood-Horrobin model. A detailed description of the applications of sycamore maple is found by Wedel (1964) and Sonnabend (1989 Sonnabend ( , 1990 .
The aim of this work is to generate a preferable complete dataset of the physical and mechanical properties of sycamore maple. For the present, the rheological and mechanical-sorptive as well as plastic properties are left out whereupon continuing investigations are intended.
Materials and methods

Material
All test specimens for the determination of the physical and mechanical properties were cut from logs of a sycamore tree (Acer pseudoplatanus L.) of Eastern Switzerland with DIN 52184 1979-05 . 34 specimens sized 20 mm (R) 9 20 mm (T) 9 100 mm (L) were used for the L-direction and 35 specimens sized 50 mm (R) 9 50 mm (T) 9 10 mm (L) for the R-and T-directions.
Water absorption
The water absorption coefficient was determined in L-, R-and T-directions on cubes with a side length of 50 mm according to DIN EN ISO 15148 2003-03 (specimen number see Table 2 ). Four sides were varnished with a synthetic resin lacquer so that the water absorption took place only in one direction. The specimens were conditioned in normal climate (20/65) prior to the test. Then, the specimens were put on a grid 5 ± 2 mm deeply in a water bath and weighed after 5 and 20 min and 1, 2, 4, 8, 11 and 24 h. Thereof, the water absorption coefficient was determined according to Eq. (2) by means of a linear regression through the measured data (x-values: t 0.5 , y-values: Dm) 2.2.1.4 Thermal conductivity Thermal conductivity was tested perpendicular to the grain on four solid-wood boards (size: 500 9 500 9 20 mm) with the guarded hot plate apparatus k-Meter EP500 (Lambda-Messtechnik GmbH, Dresden) according to ISO 8302 (1991) . The specimens were conditioned at the climates 20/35, 20/65, 20/85, 20/95 and oven-dried. After each conditioning, thermal conductivity was measured at three temperatures (10, 20 and 30°C) each with a temperature difference of 10 K between the hot and the cold plate and a surface pressure of 2,500 N/m 2 . The fitted thermal conductivity at 10°C was then determined by the evaluation software EP 500_PC 5.14 with a linear regression through the values at the three temperatures. q swelling ratio, l dry , l wet water vapour resistance factors at dry and wet conditions, A w water absorption coefficient, Klima: 20/65) (T) 9 400 mm (L). Previously, sound velocity and eigenfrequency were tested on the same specimens using an ultrasound device (BP-V, 50 kHz, Steinkamp, Bremen) and an impulse excitation tester (Grindosonic MK 5 'Industrial', Lemmens N. V., Belgium). Then, the dynamic MOE was calculated from sound velocity (c) and density (q) with the basic relation:
Determination
and from eigenfrequency (first flexural mode) according to the method of Görlacher (1984 Keunecke et al. (2008) and Hering et al. (2012) . The Poisson's ratio was determined according to
where l ij is Poisson's ratio, e i the transverse elongation and e j the longitudinal elongation.
2.2.2.5 Dynamic MOE and shear modulus Dynamic MOE and shear modulus were determined on cubes with a side length of 10 mm by means of ultrasound. 36-42 specimens were tested per climate. The tests were carried out using an Epoch XT device (Olympus NDT Inc., USA) with an Olympus A133S transducer (2.27 MHz) for longitudinal waves (determination of MOE) and a Staveley S-0104 transducer (1 MHz) for transverse waves (determination of G) and the coupling agent Ultragel II (Sonotech, USA). The MOE was determined according to Eq. (3) and the shear modulus (G) according to
where c is the sound velocity and q the density. Thereby, as for the calculation of G from sound velocity, the directions of wave propagation (first index) and oscillation (second index) are exchangeable for an orthotropic material, the values of G ij and G ji were averaged. For more details see Keunecke et al. (2007 on compact specimens at RL, TL, RT and TR directions (first index = direction normal to the crack plane, second index = direction of crack propagation). 5-14 specimens were tested per direction and climate. The static tests were carried out with a Zwick Z010 universal testing machine (Zwick GmbH & Co. KG, Ulm) for tension and compression perpendicular to the grain as well as fracture toughness and a Zwick Z100 machine for tension, bending and compression parallel to the grain as well as shearing.
Results and discussion
Physical properties
The physical properties of sycamore maple are shown in Table 2 .
Swelling
Differential swelling was determined for the directions L:R:T at a ratio of 1:20:37. Perpendicular to the grain, the values are about one-third higher than literature data. Sell (1997) , for example, stated 0.15 %/% for R and 0.27 %/% for T which are similar to the values of Wagenführ (2007) . This demonstrates the high natural variability of this species.
Water absorption
The water absorption coefficient is highly influenced by the direction. Parallel to the fibre, the measured value is 24 times higher than in T-direction and 16 times higher than in R-direction. Whereas the values perpendicular to the grain are similar to the values of other hardwoods like beech or ash, the value in fibre direction is two to four times higher (Sonderegger et al. 2012 ). Perpendicular to the grain, the water absorption coefficient is higher in R-direction than in T-direction what is mainly influenced by the rays.
Water vapour resistance
The water vapour resistance factor is highly influenced by the direction and is in T-direction twice as high as in R-direction both at dry and wet conditions (Table 2 ). This may be attributed to the influence of the rays in the R-direction. At dry conditions, the value in both directions is about thrice as high than at wet conditions.
Thermal conductivity
The thermal conductivity perpendicular to the grain accounts for 0.143 W/(m K) at 10°C after conditioning at normal climate (20/65) and is slightly lower than the value in Kollmann (1951) for wood in general at a density of 650 kg/m 3 and clearly lower than the values of maple in Sell (1997) with 0.16-0.18 W/(m K). The thermal conductivity increases with increasing temperature at about 0.3 % per 1 K and with increasing MC at about 1.4 % per 1 % MC change (Fig. 1) . Table 3 and Figs. 2 and 3 show the test results. The strength is highly influenced both by the test mode and the wood direction. Parallel to the fibre, the ratio of tensile strength to bending and compression strength is at normal climate about 1.8:1.7:1 and corresponds well with the literature data of Table 1 . The influence of MC within the tested RH-range is least for tensile strength (reduction of about 10 %) whereas bending strength is reduced by about one-third and compression strength by about 40 % (Fig. 2a) . Perpendicular to the grain, in contrast only small differences exist between tensile and compression strength. All values are reduced with increasing MC by about onethird (Fig. 2b) . For the wood directions at normal climate, the strength ratio of L, R, T is 13:1.8:1 for tension and for compression it is 6:1.5:1.
Mechanical properties
Tensile, bending and compression tests
In contrast to strength, the MOEs parallel to the fibre show rather different ratios with regard to the test mode (Fig. 3a) . The highest MOE was determined at compression whereas bending MOEs were similar to tensile MOEs except for the climate 20/35. An explanation of the high compression MOE may be the influence of the bimodularity of the material (Conners and Medvecz 1992) which r strength in tension (t), bending (b) and compression (c), MOE modulus of elasticity, s shear strength, K IC critical stress intensity factor, L longitudinal, R radial, T tangential, q density, V coefficient of variation r Festigkeit bei Zug (t), Biegung (b) und Druck (c),
differs according to the wood species. Conners and Medvecz (1992) show similar behaviour for yellow poplar where the compression MOE (in contrast to the tensile MOE) increases from 6 to 12 % MC and exceeds the tensile MOE by between 6 and 18 % MC. The dynamic MOEs determined from eigenfrequency and sound velocity are clearly higher with a ratio of 1.17 and 1.36, respectively (mean value over all climates) compared to bending MOE. This effect is amongst others influenced by the wood species and wood quality. The ratios are slightly higher than the ones determined for different hardwoods and softwoods in Niemz et al. (1997) . For the MOE determined from sound velocity (2.27 MHz) on the cubic specimens, the ratio was again clearly higher with 1.61. The influence of MC on MOE is with the exception of tension lower compared to strength. For bending and compression, the MOE remains constant or even increases with increasing MC until a climate of 20/85. Perpendicular to the grain, there are only small differences between tensile and compression MOE (Fig. 3b) . The decrease of MOE with increasing MC is similar to the decrease in strength. Table 4 shows the dynamic MOE and shear moduli determined from the sound velocities on the cubic specimens. Whereas the MOEs in all directions have clearly higher values (up to 2.5 times higher) than the MOEs of the static tests (due to the specimen size and height of the test frequency as well as the non-consideration of the lateral contraction influence), the shear moduli are arranged within the expectancy range. Hering et al. (2012) described similar effects on beech wood. The ratio of the MOEs in the directions L:R:T account for 9.8:1.7:1 and of the shear moduli in the shearing planes LT:LR:RT for 4.5:2.9:1. Thereby, the clearly higher values in R-direction than in T-direction can be attributed to the reinforcing effect of the rays.
Dynamic MOE and shear modulus
Shear strength
The shear strength depends strongly on the test direction (Table 3 ). Parallel to the grain, the values were two to three times higher than perpendicular to the grain and in the LTplane clearly higher than in the LR-plane. Perpendicular to the grain, the values of the two measured shearing planes hardly differ. Hering (2011) measured similar values by trend but all in all slightly smaller values for beech wood. For all tested directions, a strong correlation exists between shear strength and MC. Thereby, shear strength decreases with increasing MC stronger parallel to the grain than perpendicular to the grain (Fig. 4) . Kollmann (1951) 3.2.5 Fracture toughness Table 3 shows the fracture toughness K IC of the different loads at climate 20/65. The values are very high compared with other wood species like oak and beech and also higher compared to sugar maple (Stanzl-Tschegg et al. 2011) and are in the RL and TL directions similar to ash (Reiterer et al. 2002) . The tests in the RL and RT directions result in clearly higher values compared to the TL and TR directions which can be attributed to the influence of the rays. The fracture toughness within a crack plane was higher for a crack propagation in fibre direction than perpendicular to the grain what is in contrast with the behaviour of different soft woods (Stanzl-Tschegg et al. 2011 ). All K IC values are highly influenced by MC with the highest percentage decrease in the RL and TL directions (Fig. 5) . In contrast, Logemann and Schelling (1992) found only a low influence of MC for spruce in the TL direction.
Poisson's ratio
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Conclusion
A broad dataset of physical and mechanical properties in the three main directions was established for the wood of sycamore maple. Up to now, such complex datasets for hardwoods have been hardly available but become more and more important parallel to the increasing silvicultural availability of these species. The dataset allows within the elastic range the calculation and simulation of multi-layered and three-dimensional wood structures with finite element methods. Still, investigations have to be carried out to determine the rheological properties and the mechanical-sorptive behaviour. Equally, further research is needed to analyse the plastic behaviour which particularly is important by compression perpendicular to the fibre.
Investigations by Hering (2011) and Schmidt (2009) could provide a basis.
